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 What is ANNIE? 

• A measurement of the abundance of 
final state neutrons from neutrino 
interactions in water, as a function of 
energy.

• Demonstration of a new approach to neutrino detection: Optical Time 
Projection Chamber using new photosensor technology.

a key measurement for proton decay physics, supernova neutrino 
detection in water, and fundamental neutrino interaction physics

reconstructed

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

mm
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 Motivation 

Proton decay (PDK) searches in 
planned megaton-scale water 
Cherenkov detectors such as Hyper-
K could achieve unprecedented 
sensitivity.

However, at such scales, 
previously negligible backgrounds 
from atmospheric neutrinos start 
to limit this sensitivity.
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Techniques capable of reducing 
these backgrounds would have a 
large impact on the potential 
physics reach.

p →  e+ π0
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Backgrounds come almost exclusively 
from atmospheric neutrino interactions.
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High energy neutrino interactions typically 
produce neutrons in the final state.

Proton decay events are expected to only 
rarely produce neutrons in the final state.

Thus, neutron-tagging in large Water 
Cherenkov detectors would provide a 
handle for separating between signal and 
background.

Efficient neutron-tagging can be achieved 
by dissolving Gadolinium salts in water. 
Gd has a high neutron capture cross-
section and the captures release 8 MeV 
in gammas.

Signal

Bkgd
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 It is not enough merely to identify the presence or absence of neutrons

The presence of any neutrons can be used to confidently reject PDK 
backgrounds (with little signal loss)

However the absence of any neutrons is not necessarily a strong indicator of 
signal (could be detection inefficiency).

• knowledge of the neutron tagging efficiency, and
• knowledge of how many neutrons are expected per background event

Attributing confidence to proton decay candidates without neutrons requires:

Did we see zero neutrons, given an expectation of 1 or 
10? What is the number of expected neutrons? The 
spread?
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 It is not enough merely to identify the presence or absence of neutrons

The presence of any neutrons can be used to confidently reject PDK 
backgrounds (with <10% signal loss)

However the absence of any neutrons is not necessarily a strong indicator of 
signal. (could be detection inefficiency)

• knowledge of the neutron tagging efficiency, and
• knowledge of how many neutrons are expected per background event

Attributing confidence to proton decay candidates without neutrons requires:

Some physics analyses require discrimination between different types of 
neutrino interactions (eg, CC vs NC) with different average neutron abundances. 
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 It is not enough merely to identify the presence or absence of neutrons

The presence of any neutrons can be used to confidently reject PDK 
backgrounds (with <10% signal loss)

However the absence of any neutrons is not necessarily a strong indicator of 
signal. (could be detection inefficiency)

• knowledge of the neutron tagging efficiency, and
• knowledge of how many neutrons are expected per background event

Attributing confidence to proton decay candidates without neutrons requires:

Some physics analyses require discrimination between different types of 
neutrino interactions (eg, CC vs NC) with different average neutron abundances. 

This requires detailed understanding of the number of final-state neutrons:

The theoretical underpinnings of this observable are not well known
FS neutron abundances have not been well measured
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Additional physics impact

ing a wide variety of potential sources of ambient neu-
trons, we find that they are not a problem.

Cosmic ray muon spallation in SK produces a very
steeply falling spectrum of !105 neutrons/day; their
production is of interest [8]. Spallation also produces
beta-unstable daughters that form a significant back-
ground for solar neutrinos; after cuts following muons,
& 100 spallation betas/day survive. Since these cuts veto
events within seconds and meters of muon tracks, they
will be much more effective on neutrons, which capture in
much less time and distance. Neutrons from spallation
events in the surrounding rock are stopped by 4.5 m of
water shielding surrounding the fiducial volume. Our
conclusions are supported by data from KamLAND,
which is adjacent to SK and has similar shielding [9].
Dissolved Gd would also be present in the optically
isolated outer detector, and the neutron capture rate there
could be up to 103 Hz, due to neutrons from the surround-
ing rock [1]. However, captures on Gd would not produce
enough light to trigger the sparse outer detector.

The rate of !!e " p ! e" " n interactions in SK from
nuclear reactors is ’ 30=day. For the majority of events
the positron would be detectable in coincidence with the
neutron (even without that, the excess singles rate due to
neutron captures could be detected). For the lowest energy
reactor antineutrinos, as well as those originating from
U=Th decays in Earth, the positron energy is too low to
trigger SK, and the neutron would appear in isolation. The
rate due to U=Th decays is expected to be !4=day.
Atmospheric neutrino neutral-current events may be oth-
erwise invisible if only a neutron is scattered, a relatively
common event, at a rate of !2=day.

At the present U=Th=Rn concentrations in SK, & 1
neutron/day in total is produced by the following pro-
cesses: spontaneous fission of 238U; #"; n$ reactions on 2H,
17O, and 18O; and 2H##; n$; estimated by scaling from
SNO results [10]. The GdCl3 additive must meet radio-
purity standards about 103 times less stringent than for
the SK water. Initial test samples, for which no special
care was taken, were measured by mass spectroscopy to
have %238U& ’ 10'8 g=g and %232Th& ’ 10'10 g=g [11].
Assuming secular equilibrium in the decay chains, the
beta and neutron rates in SK would remain similar to
present values if the samples were purified by a factor of
100. The Palo Verde experiment obtained Gd 10 times
more radiopure than our initial samples, and the SK water
system reduces U=Th=Rn by orders of magnitude from
the original mine water. We are confident that the desired
radiopurity is easily obtainable (as was Ref. [7]).

Natural Gd contains 0.2% 152Gd, which alpha decays
(T1=2 ( 1014 yr, T" ( 2:1 MeV) [6]. With 100 tons of
GdCl3 in SK, the decay rate is !1010=day. These alphas
are invisible in SK, but their introduction may initiate
17O#"; n$ and 18O#"; n$ reactions. Using the alpha stop-
ping power and the measured cross sections [12], the
neutron production rate is !1=day. Lanthanide contam-
inants (& 10'4) and their decays can also be ignored.

Reactor neutrinos.—The total !!e " p ! e" " n rate in
SK from reactors can be scaled from the KamLAND rate
[9], and is ’ 30=day after oscillations. The threshold for
solar neutrinos in SK-I was Ee ( 5 MeV, and SK-III
should be even better due to a lowered trigger threshold
and much-improved offline reconstruction algorithms
currently being evaluated in SK-II. This was the analysis
threshold for single events. The trigger is efficient to much
lower energies (as low as 3.5 MeV in SK-I), where radio-
activity backgrounds overwhelm the solar singles rate.
However, for the coincidence signal, it should be possible
to identify real events as low as Ee ( 2:5 MeV, covering
most of the reactor spectrum. The present KamLAND
analysis threshold is Evis ( Te " 2me ( 2:6 MeV, corre-
sponding to Ee ( 2:1 MeV in SK. Measurement of the
positron energy determines the neutrino energy, since
E! ’ Ee " 1:3 MeV, and additionally there is a weak
directional correlation [5].

A gadolinium-enhanced SK would have the advantage
of much larger statistics, with about 50 times more fidu-
cial mass than KamLAND. The very high rate would
allow the flux to be monitored on a yearly basis with about
1% statistical error, likely allowing new tests of neutrino
oscillation parameters as reactors at different distances go
through on/off cycles. The expected reactor spectrum is
shown in Fig. 1. The energy resolution in SK is about
6 times worse than in KamLAND, so that spectral dis-
tortions (not shown) will be smeared, though high statis-
tics may still reveal them. Resolution is why the positron
spectrum extends to Ee ( 12 MeV, even though the neu-
trino spectrum [13] plummets beyond E! ( 8 MeV.
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FIG. 1. Spectra of low-energy !!e " p ! e" " n coincidence
events and the sub-Čerenkov muon background. We assume full
efficiencies, and include energy resolution and neutrino oscil-
lations. Singles rates (not shown) are efficiently suppressed.
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• Neutron tagging can be used to separate between diffuse 
supernova background (DSNB) neutrinos and various 
backgrounds.

• In core collapse Supernovae, the technique can be used to 
statistically discriminate between various flavors and fluxes.

+

+
+

+

+

+

+

+

SN neutrino detection

Neutrino interaction Physics
Nuclear models present the largest systematics in water-
based oscillation experiments. 

Neutron abundances may make it possible to statistically 
separate between neutral current and charged current 
interactions. 

Neutron multiplicity is also sensitive to differences between 1-
body and 2-body currents (where neutrinos scatter off of 
correlated pairs of nucleons).
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Existing veto on muons 
produced upstream of the 
detector (FACC)

3m x 3m x 3m tank of 
Gd enhanced water 
instrumented with 
photosensors.

Existing Muon Range 
Detector (MRD)“ANNIE Hall”

(formerly the SciBooNE pit)



Fermilab PAC Meeting - Jan 22, 2013

13

The Booster Neutrino Beam Delivers The Needed Flux
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* note: this measurement did not include 
detection of final-state neutrons.

• Expected proton decay backgrounds 
typically come from interactions 
between 1-5 GeV.

• The Booster neutrino beam line 
provides an energy spectrum peaked 
near 1 GeV.

• We will see several hundreds of νμ CC 
interactions per 1020 POT per ton in the 
relevant window, and several tens of 
events at the highest energies.

proton decay background energies 
as measured by Super-K*
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between 1-5 GeV.

• The Booster neutrino beam line 
provides an energy spectrum peaked 
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events at the highest energies.
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detection of final-state neutrons.

The Booster Neutrino Beam Delivers The Needed Flux
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Expected Event Rates in Booster Neutrino Beam

all interactions
after MRD cut
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• Expected proton decay backgrounds 
typically come from interactions 
between 1-5 GeV.

• The Booster neutrino beam line 
provides an energy spectrum peaked 
near 1 GeV.

• We will see several hundreds of νμ CC 
interactions per 1020 POT per ton in the 
relevant window, and several tens of 
events at the highest energies.

The Booster Neutrino Beam Delivers The Needed Flux
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 The ANNIE Detector System 

R. Northrop
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 The ANNIE Detector System 

A new technology for 
neutrinos: LAPPDs

4

LAPPD: Approach Analogy  
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 ANNIE - basic concept 

R. Northrop
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 ANNIE - basic concept 

• A muon is produced 
and detected in the 
MRD.

• LAPPDs used to 
reconstruct vertex 
position based on 
arrival of Cherenkov 
light.

R. Northrop
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• A muon is produced 
and detected in the 
MRD.

• LAPPDs used to 
reconstruct vertex 
position based on 
arrival of Cherenkov 
light.

• Neutrons thermalize

R. Northrop
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 ANNIE - basic concept 

• A muon is produced 
and detected in the 
MRD.

• LAPPDs used to 
reconstruct vertex 
position based on 
arrival of Cherenkov 
light.

• Neutrons thermalize 
and stop.

• Several tens of 
microseconds later, 
the neutrons are 
captured and 
produce somewhat 
isotropic flashes of 
light from typically 3 
gamma showers (8 
MeV).

R. Northrop
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In order to get a clean sample of 
neutrons, this analysis must be 
restricted to a small ~1 ton fiducial 
volume situated sufficiently far from the 
walls of the tank to stop the neutrons.

mm

parallel the beam:

transverse to the 
beam direction:

 Timing-based vertex reconstruction is essential 
net neutron transit distances (inclusive)

Neutrons typically drift over a 2 
meter distance.
• In the directions transverse to the 

beam, this 2-meter window is 
centered symmetrically about the 
interaction point. 

• In the direction of the beam, it is 
mostly forward with respect to the 
interaction point.

In order to identify events in this fiducial volume, we need to reconstruct the 
interaction vertex to better than 10 cm. Accurate timing based reconstruction from 
the Cherenkov light is essential. 

stopping position of 95% 
of the neutrons in the 
transverse directions

stopping position of 
95% of the neutrons 
in the beam direction

z-direction

x-direction
y-direction
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The Large Area Picosecond Photodetectors 
(LAPPD): 

• large, flat-panel, MCP-based photosensors
• <50 psec time resolutions and <1cm spatial 

resolutions
• based on new, potentially economical 

industrial processes.
• LAPPD design includes a working readout 

system.
• Phase II request for $3M for commercialization 

has been submitted by Incom, Inc
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 LAPPDs can provide the needed photodetector capabilities
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 LAPPDs can provide the needed photodetector capabilities
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H. Grabas, R. Obaid, E. Oberla, H. Frisch J.-F. Genat, R. 
Northrop, F. Tang, D. McGinnis, B. Adams, and M. 
Wetstein; RF Strip-line Anodes for Psec Large-area 
MCP-based Photodetectors, Nucl. Instr. Meth. A71, 
pp124-131, May 2013

B. Adams, M. Chollet, A. Elagin  A. Vostrikov, M. 
Wetstein, R. Obaid, and P. Webster; A Test-facility for 
Large-Area Microchannel Plate Detector Assemblies 
using a Pulse Sub-picosecond Laser; Review of 
Scientific Instruments 84, 061301 (2013)

E. Oberla, J.-F. Genat, H. Grabas, H. Frisch,  K. 
Nishimura, and G Varner; A 15 GSa/s, 1.5 GHz 
Bandwidth Waveform Digitizing ASIC; Nucl. Instr. 
Meth. A735, 21 Jan., 2014, 452;
http://dx.doi.org/10.1016/j.nima.2013.09.042;
arxiv:http://arxiv.org/abs/1309.4397

O.H.W. Siegmund,*, J.B. McPhate, J.V. Vallerga, A.S. 
Tremsin, H. Frisch, J.  Elam, A. Mane, and R. Wagner; 
Large Area Event Counting Detectors with High 
Spatial and Temporal Resolution; submitted to JINST; 
Dec, 2013

a few key LAPPD papers

See http://psec.uchicago.edu for more 
references

http://dx.doi.org/10.1016/j.nima.2013.09.042
http://dx.doi.org/10.1016/j.nima.2013.09.042
http://arxiv.org/abs/1309.4397
http://arxiv.org/abs/1309.4397
http://psec.uchicago.edu
http://psec.uchicago.edu
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 Preliminary studies indicate that LAPPDs will meet our performance need

These techniques need to be further developed and optimized for the ANNIE 
detector. We also need these results to guide optimization of the detector design.

New technologies often require new 
reconstruction strategies.
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sigma < 5 cm

(fitted - true vertex) along track direction

Groups at U Chicago, Iowa State, 
and Argonne have done considerable 
work on the application of LAPPDs to 
W Ch detectors.

Preliminary work, specifically for 
ANNIE shows promise: a very simple 
starting algorithm gives resolutions 
close to our target.

85% of events 
within 10 cm
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 Summary of Tasks/Expertise 

LAPPDs ANL, U Chicago

Electronics U Chicago, U Hawaii

Conventional PMTs UC Davis, UC Irvine

Water System UC Davis, UC Irvine

Simulations and Reconstruction Iowa State, U Chicago, Queen 
Mary, UC Irvine

• Operation of LAPPDs in a Water Cherenkov detector
• adapt electronics to the specific needs of ANNIE
• operational demonstration
• submersion in water

• Implementation of reconstruction strategy
• simulations guided design
• optimization of timing based reconstruction
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 Timeline 

Commissioning

More data 
taking as 
necessary

Preparation
• Monte Carlo Studies
• Optimize Tank Design
• Optimize Photosensor Coverage
• Design of Font-end and DAQ

• Single LAPPD Beam-Tests
• Construction of Tank
• Installation of PMTs
• Installation of FACC

year 1 year 2 year 3

• Final Commissioning
• Systems Integration
• Staged LAPPD Installation
• First Data Runs

First Data



Fermilab PAC Meeting - Jan 22, 2013

31

 Timeline 

Commissioning

More data 
taking as 
necessary

Preparation
• Monte Carlo Studies
• Optimize Tank Design
• Optimize Photosensor Coverage
• Design of Font-end and DAQ

• Single LAPPD Beam-Tests
• Construction of Tank
• Installation of PMTs
• Installation of FACC

year 1 year 2 year 3

• Final Commissioning
• Systems Integration
• Staged LAPPD Installation
• First Data Runs

First Data

Submit full proposal

Preparatory work is already under way and moving quickly
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 Summary 

• ANNIE measures an important aspect of neutrino-nuclear interactions with high 
impact on a variety of physics analyses. This includes a major handle on the 
limiting backgrounds for proton decay.

• Also represents a working demonstration of new neutrino detection methods, 
such as a first demonstration of LAPPDs in an optical TPC.

• Capitalizes on largely existing beams and infrastructure and fits in well with the 
Fermilab Intensity Frontier program.

• The main technical tasks build on a large body of existing work.
• PAC endorsement of the physics mission of ANNIE will solidify effort towards a 

full proposal for this experiment.
• We request modest support 

from Fermilab in the form of 
computing resources, and 
technical expertise in 
exploring the best ways to 
utilize “ANNIE Hall”.

Λ 

Ligeti/Murayama 

+CP 
+CP 
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Backup Slides
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 Why Water ? 

Especially for the p→e+ π0 channel, the most sensitive planned 
experiments are very large WCh detectors such as Hyperkamiokande.

Nuclear effects are not well understood enough to extrapolate the 
neutron abundances in water from other target materials.

Also, this is not a conventional WCh detector. It is an optical, tracking 
detector.
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Doesn’t a tighter momentum cut reduce the backgrounds enough?

" ##Tight#Cuts#on#Free#Proton#
#
#

#i#efficiency#~#17%#

#i#BG#0.015#evts/100#kton#yr#

#i#change#over#around#10i20#Mton#yr#
#

" ##Gadolinium#

#i#high#energy#neutrino#events# ######

####are#accompanied#by#n 
 - assume#proton#decay##

####is#not#accompanied#by#n#
# #*#surely#not#for#free#proton#
# #*#also#not#for#γitag#states#
#i#consider#Gd#addiLon#to#WC##

###########to#increase#nicapture#tag#efficiency#
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Background Reduction  
Strategies 

46%#of#bkg#events#

#with#neutrons#

Tighter momentum cuts to select only free proton decays do succeed in 
reducing backgrounds from a few events per Mton per year to 0.15 events 
per Mton per year (roughly a factor of 10 reduction). 

However, they also reduce the efficiency by a factor of 2

Still good, but could use further improvements.

More importantly :

In the case of an observed 
candidate, one would still like an 
unambiguous signature. Neutron 
tagging will greatly help, in this 
regard.

One would still like smaller 
backgrounds with less inefficiency.
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 Some example neutrino-neutron production mechanisms  

• direct interaction of an anti-neutrino on a proton, converting it into a neutron
• secondary (p,n) scattering of struck nucleons within the nucleus
• charge exchange reactions of energetic hadrons in the nucleus (e.g., π -+p→n+π0) 
• de-excitation by neutron emission of the excited daughter nucleus
• capture of π -  events by protons in the water, or by oxygen nuclei, followed by 

nuclear breakup
• secondary neutron production by proton scattering in water
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 Neutron production in proton decay events?  

13#H.#Ejiri#Phys.#Rev.#C48#(1993)#

Nuclear Physics of  
Proton Decay in 16O 

Spectroscopic#factors#measured#in#16O(e,ep)15N#experiment#
#
Gammairay#emission#measured#in#16O(p,2p)15N#experiment#

few#neutrons#

some##
gammas##

13#H.#Ejiri#Phys.#Rev.#C48#(1993)#

Nuclear Physics of  
Proton Decay in 16O 

Spectroscopic#factors#measured#in#16O(e,ep)15N#experiment#
#
Gammairay#emission#measured#in#16O(p,2p)15N#experiment#

few#neutrons#

some##
gammas##

• For water, 20% of all protons are essentially free. If these decay, there is no neutron produced as the π0 would 
decay before scattering in the water, and 400 MeV electrons rarely make hadronic showers that result in free 
neutrons.

• Oxygen is a doubly-magic light nucleus, and hence one can use a shell model description with some degree of 
confidence. Since two protons are therefore in the p1/2 valence shell, if they decay to 15N, the resultant 
nucleus is bound and no neutron emission occurs except by any final state interactions (FSI) inside the 
nucleus.

• Similarly, if one of the four protons in the p3/2 state decays, a proton drops down from the p1/2 state emitting a 
6 MeV gamma ray, but the nucleus does not break up except by FSI.

• Finally, if one of the two s1/2 protons decays, there is a chance that the nucleus will de-excite by emission of a 
neutron from one of the higher shells.

• 8% x 80% = 6% proton decays with neutrons (Ejiri)
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 More Details on the Booster Neutrino Beam 

⌫-type Total Interactions Charged Current Neutral Current

⌫µ 10210 7265 2945
⌫̄µ 133 88 45
⌫e 70 52 20
⌫̄e 4.4 3 1.4

Table 1: Rates expected in 1 ton of water with 1x1020 POT exposure at ANNIE Hall.

the rock, which will be much more frequent. Hence, an e�cient muon rejection counter is
needed in front of the water target. There are many potential sources of such counters from
previous experiments, including counters available from Iowa State. We will test and decide
on the exact counter configuration based on simulations in the first year.

3.2 Muon Range Detector (MRD)

This consists of 12 slabs of 2-inch-thick iron plates sandwiched between 13 alternating vertical
and horizontal layers of 20-cm-wide, 0.6-cm-thick plastic scintillation panels read out by 362
two-inch PMTs. The vertical layers are arranged in a 2x15 pattern of 138-cm-long paddles,
while the horizontal layers are in a 2x13 array of 155-cm-long paddles. Currently, this device
is sitting unused in the SciBooNE Hall and needs only some minor repairs plus HV and DAQ
readout systems. These systems could be provided by FNAL and/or the UK collaborators.

3.3 Water Target

The footprint for the water target is essentially that of the SciBooNE detector, a volume
roughly 3 m x 3 m and 1.9 m thick. It may also be possible to enlarge the detector along
the beam direction by moving the MRD one meter further back. The current plan is to
contain the target volume in a single water tank made of steel with a teflon liner and open
top covered by black plastic. The target will be instrumented by 80 eight-inch PMTs on
top looking down and 20 ten-inch PMTs on the bottom looking up. The top PMTs will be
supplied by UC Irvine from Super-K spares, and the bottom PMTs will be from LLNL or
UC Davis from existing stock. These PMTs are already water-potted, though the UC Irvine
and UC Davis PMTs may need some refurbishment and testing. The water system will be
provided by an existing portable RO system from UC Davis, and a gadolinium recirculation
system (if needed) will be supplied by Irvine. The current concept for localizing the vertex
inside the target is through timing based reconstruction, as will be discussed below.

3.4 Timing Based Fiducial Cuts Using LAPPDs

In order to select events away from the detector wall, we propose to use vertex reconstruction
based on the arrival time of emitted light. This is the simplest option, requiring neither
segmentation of the already small target nor the introduction of new materials with unknown

13
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 More on Supernova Physics 

41

5. Flavor Tagging

In order to extract interesting physics from a supernova burst signal, it is desirable to be able to determine the
flavor content as a function of energy and time. In practice, given a real supernova burst signal, one would perform
a fit to energy, angle and time distributions, making use of all available information, in order to determine flavor and
interaction channel content. At this point we have not yet developed the tools for such a comprehensive analysis,
so we focus on a few possible signatures which could be exploited to help disentangle flavor content of a supernova
burst signal in a WC detector. The statistics considered in these studies are for a 100 kt WC detector with 30% PMT
coverage.

Neutron Tagging: In a water detector, the bulk of detected events will be IBD, ⌫̄
e

+p ! e++n. If gadolinium (Gd)
is added to a water Cherenkov detector, we expect some fraction of IBD events to be tagged using neutron capture
on Gd, which produces about 4.3 MeV of energy in the detector, on a ⇠20 µs timescale [83]. The e�ciency of tagging
is expected to be about 67% [84]. The tagged sample will represent a highly enriched ⌫̄

e

sample. Events with no
neutron tag will be enriched in flavors other than ⌫̄

e

, and in principle, the IBD contribution can be subtracted from
the overall signal using the tagged rates. [Note that with su�cient PMT coverage it may be possible to use 2.2 MeV
gammas from neutron capture on protons even in the absence of Gd doping, but the e�ciency would be lower.]

To get a general idea of the value of neutron tagging of ⌫̄
e

we have done a simple study: we looked at flavor
composition for tagged and untagged events. We assume that 67% of the true IBD events will be tagged; we also
assume that no events without a neutron will be falsely tagged as having a neutron (the false tagging rate should be
⇠ 10�4 according to reference [84]). We also take into account CC and NC reactions of neutrinos on 16O, for which
some final states have neutrons. To estimate this contribution we use tables II, III and IV from reference [62] and (in
absence of di↵erential final state information) we assume that the relative fractions of final states with neutrons are
independent of neutrino energy.

Figure 46 shows the contributions of the di↵erent interaction channels for tagged and untagged events, for the
GKVM flux. The neutron-tagged event rate is a nearly-pure IBD sample. The untagged event rate has contributions
from elastic scattering (ES), and from CC and NC interactions on 16O, but is dominated by untagged IBD.
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FIG. 46. Total events in WC showing contribution from the di↵erent interaction channels, for neutron-tagged (left) and
untagged (right) events.

Figure 47 shows the contributions of the di↵erent neutrino flavors for tagged and untagged events. The tagged
sample is nearly pure ⌫̄

e

. The untagged sample has contributions from other flavors, and large contamination from
untagged IBD ⌫̄

e

.
Given a burst neutrino signal, one would estimate flavor composition using the known tagging fraction. The tagged

sample represents a ⌫̄
e

-enriched sample (in fact, it is a nearly pure one). To estimate non-⌫̄
e

(i.e. ⌫
e,x

; x refers to any
non-electron flavor) content in the untagged sample (which has more ⌫

e

than any other flavor) one can subtract the
IBD contribution measured using the tagged rate. Figure 48 shows plots with error bars of estimated ⌫̄

e

flux and ⌫
e,x

flux.
Tagging here clearly allows selection of a clean ⌫̄

e

sample; however the ⌫
e,x

-enriched sample su↵ers significant
contamination, and quality of determination of non-⌫̄

e

component of the flux will be dependent on tagging fraction

42
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FIG. 47. Total events in WC showing contribution from the di↵erent flavors, for neutron-tagged (left) and untagged (right).

Energy (MeV)
0 10 20 30 40 50 60 70 80 90 100

N
um

be
r o

f e
ve

nt
s 

pe
r b

in

0

0.5

1

1.5

2

2.5

3

310×

-inferredeνWC 

 

Energy (MeV) 
0 10 20 30 40 50 60 70 80 90 100

N
um

be
r o

f e
ve

nt
s 

pe
r b

in

0

50

100

150

200

250

300

350

-inferrede,xνWC 

 

FIG. 48. Inferred ⌫̄

e

(left) and ⌫

e,x

(right) signals using neutron-tagging information, with uncertainties, for the GKVM flux.

uncertainty (as well as on relative size of that component). The mean number of ⌫
e,x

events must be greater than
the uncertainty on the number of untagged ⌫̄

e

events for the non-⌫̄
e

component to be measurable. Figure 48 clearly
shows that given our assumptions, it will be possible to determine the size of the ⌫

e,x

component for the GKVM flux
at 10 kpc. However the untagged sample represents a mix of flavors, and the spectral information for any given flavor
is not cleanly measured.

Selection of Elastic Scattering Events: Another potential method for selecting a flavor-enhanced sample in WC is
to use the directionality of the neutrino-electron scattering signal: electrons are scattered away from the supernova.
(This anisotropy is likely the best method for pointing to the supernova [64, 65].) The ES sample is enriched in ⌫

e

and ⌫
x

relative to ⌫̄
e

. The relative amounts of the di↵erent flavors are sensitive to the neutrino spectrum, and the
fractions vary substantially from model to model.

We estimate the quality of a flavor-enriched ES sample by assuming that a fraction ✏
s

= 0.66 of ES events will
have cos ✓ > 0.9, where ✓ is the reconstructed angle of the scattered event [64]. Such a cut will reduce isotropic
background by 95%. Figure 49 shows the interaction and flavor compositions of the “ES-enriched” sample selected by
an angular cut, for the GKVM model. The non-ES background can be determined by counting events outside of the
angular cut window (where we assume for the purpose of determining statistical uncertainty on the ES background
subtraction that non-ES events have isotropic background, although that is not completely true– IBD events have a
weak asymmetry, and interactions on 16O have a backwards asymmetry). Figure 50 shows the background-subtracted

source:
The 2010 Interim Report of the LBNE Collaboration Physics Working Groups

events w/ neutron tag events w/ NO neutron tag

• SN burst interactions 
with a neutron provide 
a very pure IBD sample

• Interactions without an 
FS neutron provide a 
more pure sample of 
non-IBD interactions.

• Interactions with 
neutrons provide a very 
pure sample of νe

• Interactions without an 
FS neutron provide a 
more pure sample of 
νe, νx, νx
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Super K Collaboration

Yes, but not to an extent that they felt publishable:
• inefficient neutron capture on pure water (no Gd)
• uncertainties in flux
• difficulty reconstructing the energy

Nonetheless, this result is promising and strongly motivates a dedicated 
measurement.

 Did Super Kamiokande Make This Measurement? 
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 More on the MRD 

MRD$Data$from$Bob's$Simula3on$

•  $12$planes$of$2$inch$iron$plates,$and$13$planes$
of$scin3llator$strips$

•  $ver3cal$scin3llator$strips$are$0.6x138x20,$with$
13$strips$in$two$sec3ons,$for$a$total$of$182$
ver3cal$strips$in$7$planes$

•  $horizontal$strips$are$0.6x155x20,$with$15$
strips$in$two$sec3ons,$for$a$total$of$180$ver3cal$
strips$in$6$planes$$$

x

z

x y

z

ANNIE%detector%

beam%
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 Will LAPPDs Be Ready?

• Phase II request for $3M for commercialization has been submitted by Incom, Inc
• We’ll have much more clarity on this question in time for the LOI/proposal.
• Incom has been involved in the LAPPD collaboration from the beginning (they make the 

channel plate substrates) and are very serious.

 Price and availability?

• Without a large market or economy of scale, we do not expect the first LAPPDs to be 
sold at what we hope the asymptotic price will be.

• Nonetheless, we expect them to be significantly cheaper per-unit-area than commercial 
MCPs

• We also hope, as early adopters, that Incom will be able to negotiate a fair price in order 
to get their product out to the community

• Members of the ANNIE collaboration have been involved with LAPPD since the 
beginning. Incom is enthusiastic about ANNIE (see “Letter of Support” from Michael 
Minot).
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 Adapting LAPPDs for Water Cherenkov Detectors

A new technology for 
neutrinos: LAPPDs

4

LAPPD: Approach Analogy  
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~44 psec

Subtasks: 
• Further adapt readout system to our 

experimental needs (precision, buffer 
depth, acquisition rates). ANNIE events 
cover two very different time-scales: 
tens of picoseconds and 10 of 
microseconds.

• Work out techniques for hi-potting in 
water

• Operational testing on a small scale
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 More on LAPPDs 

LAPPD concept

LAPPD detectors:
•Thin-films on borosilicate glass
•Glass vacuum assembly
•Simple, pure materials
•Scalable electronics
•Designed to cover large areas

Conventional MCPs:
•Conditioning of leaded glass 
(MCPs)
•Ceramic body
•Not designed for large area 
applications
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Microchannel Plates

9
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Anode

Anode Design: Delay Lines

Channel count (costs) scale with length, not area
Position is determined:

•by charge centroid in the direction perpendicular to 
the striplines
•by differential transit time in the direction parallel to 
the strips
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 Anode design 

Credit: Eric Oberla

Transverse position is determined by centroid of integrated signal on a 
cluster of striplines.

Pulses on 10 striplines
Left Side

Pulses on 10 
striplines

Right Side
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 Anode design 

Credit: Eric Oberla

Transverse position is determined by centroid of integrated signal on a 
cluster of striplines.

Pulse Heights (ADC counts)
Left Side

Pulses on 10 
striplines

Right Side



Fermilab PAC Meeting - Jan 22, 2013

50

• LAPPD Goal of building a 
complete detector system, 
including even waveform 
sampling front-end 
electronics

• Now testing near-complete 
glass vacuum tubes 
(“demountable detectors”) 
with resealable top window, 
robust aluminum 
photocathode

 LAPPD 
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We are now testing a functional 
demountable detector with a complete 
80 cm anode chain and full readout 
system (“SuMo slice”).

 “SuMo Slice” 
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 Front-end Electronics 

Front End Electronics
Psec4 chip:

• CMOS-based, waveform 
sampling chip

• 17 Gsamples/sec
• ~1 mV noise
• 6 channels/chip

Analog Card:
• Readout for one side of 30-strip anode
• 5 psec chips per board
• Optimized for high analog bandwidth (>1 GHz)

Digital Card:
•Analysis of the individual pulses (charges and 
times) 

Central Card:
•Combines information from both ends of 
multiple striplines
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 LAPPD 

8” MCP pair average gain map image 
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• Typical gains of O(107)
• Single photoelectron time resolutions of ~40 

picoseconds.
• Timing in the many-photoelectron limit 

approaching single picoseconds

We observe: 

Berkeley SSL

ANL - MCP timing lab
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1. Signal per unit length (before attenuation)

2. “Drift time” (photon transit time)

3. Topology

~225,000mm/microsecond

drift distances depend 
on track parameters

4. Optical Transport of light in water 

~20 photons/mm (Cherenkov)

 Full Track Reconstruction: A TPC Using Optical Light?
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1. Signal per unit length (before attenuation)

3. Topology

~20 photons/mm (Cherenkov)

~225,000mm/microsecond

drift distances depend 
on track parameters

4. Optical Transport of light in water

Acceptance and coverage are 
important, especially at Low E. Is 
there any way we can boost this 
number? Scintillation? Chemical 
enhancement

This necessitates fast 
photodetection. It also requires 
spatial resolution commensurate 
with the time resolution.

This presents some 
reconstruction challenges, but 
not unconquerable.

Appropriate reconstruction 
techniques are needed.

 Full Track Reconstruction: A TPC Using Optical Light?

2. “Drift time” (photon transit time)
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 DIGITAL Photon Counting 

LAPPDs are essentially digital photon counters
• One can separate between photons based on spatial and time 

separation in a single photosensor (charge not even very necessary)

s2
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 DIGITAL Photon Counting 

LAPPDs are essentially digital photon counters
• One can separate between photons based on spatial and time 

separation in a single photosensor (charge not even very necessary)

with hires imaging tubeswith conventional PMTs

• Measure a single time-of-first-
light and a multi-PE blob of 
charge

• Likelihood is factorized into 
separate time and charge fits

• History of the individual photons 
is washed out

• Measure a 4-vector for each 
individual photon

• Likelihood based on simultaneous 
fit of space and time light

• one can separately test each 
photon for it’s track of origin, 
color, production mechanism 
(Cherenkov vs scintillation) and 
propagation history (scattered vs 
direct)
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 “Simple Vertex” Reconstruction 

7

Timing-based vertex fiting: Timing-based vertex fiting: 
Probability density function (PDF)Probability density function (PDF)

 PDF needs to be built to model 

the shape of time residual 

spectrum. This PDF is taking 

into account chromatic 

dispersion, optical attenuation 

and quantum efficiency.

 The final PDF (ChromPDF) is 

computed by summing over all 

the possible colors. 

 PDF is then used in a maximum 

likelihood method based vertex 

reconstruction algorithm.

Λ = 250 nm
Λ = 365 nm
Λ = 445 nm
Λ = 545 nm
Λ = 575 nm

γ path length = 10 m
γ path length = 30 m
γ path length = 50 m

time resolution = 2.0 ns
time resolution = 1.0 ns
time resolution = 0.5 ns
time resolution = 0.2 ns

7

Timing-based vertex fiting: Timing-based vertex fiting: 
Probability density function (PDF)Probability density function (PDF)

 PDF needs to be built to model 

the shape of time residual 

spectrum. This PDF is taking 

into account chromatic 

dispersion, optical attenuation 

and quantum efficiency.

 The final PDF (ChromPDF) is 

computed by summing over all 

the possible colors. 

 PDF is then used in a maximum 

likelihood method based vertex 

reconstruction algorithm.

Λ = 250 nm
Λ = 365 nm
Λ = 445 nm
Λ = 545 nm
Λ = 575 nm

γ path length = 10 m
γ path length = 30 m
γ path length = 50 m

time resolution = 2.0 ns
time resolution = 1.0 ns
time resolution = 0.5 ns
time resolution = 0.2 ns
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A timing residual-based fit, 
assuming an extended track.
Model accounts for effects of 
chromatic dispersion and 
scattering.

separately fit each photon hit 
with each color hypothesis, 
weighted by the relative 
probability of that color.

For MCP-like photon detectors, we 
fit each photon rather than fitting 
(Q,t) for each PMT.
Likelihood captures the full 
correlations between space and 
time  of hits 
Not as sophisticated as full 
pattern-of-light fitting, but in local 
fits, all tracks and showers can be 
well-represented by simple line 
segments on a small enough scale.
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 “Simple Vertex” Reconstruction 



Plots

5/7

Figure 7: Resolution of timing based vertex fits in the direction transverse to the track direction, as a
function of photosensor resolution. There is a factor of 3 improvement as the photosensor resolution
goes from 2 nsec to 100 spec.

Since ANNIE is a beam physics measurement, it will be possible to trigger on beam spills. Nonethe-
less, given the proximity of ANNIE to the surface, we expect some pileup from cosmic rays and there
may even be spallation backgrounds. Understanding and addressing the di�culties presented by
near-surface operation will be important to study.

4.2 Implementation of Event Reconstruction Strategy

4.2.1 Optimization of Timing-based Reconstruction Techniques

Over the last several years, many novel approaches to WC event reconstruction have been developed
and applied to existing and proposed physics experiments.

Pattern-of-light fitting techniques, such as those developed for the MiniBooNE collaboration [46]
and T2K [47], show promise as a way to maximally extract information from Water Cherenkov detec-
tors. Another interesting approach uses Graphics Processing Units (GPUs) and ray-tracing algorithms
to parallelize and quickly propagate photons through the large detector geometries [48]. However, even
the great success of these techniques is limited by certain technological assumptions imposed by PMTs.
For example, in both the MiniBooNE and T2K reconstruction codes, the timing and charge likeli-
hoods are factorized and calculated separately. This reflects the fact that direct correlations between
the positions and times of hits are lost in PMT electronics. With LAPPDs, it may be possible to
implement these same approaches with a single likelihood based simultaneously on the positions and
times of each hit.

Precision timing is showing promise in improving the capabilities of WC detectors. Continuing
work from a group based out of Iowa State University, the University of Chicago, and Argonne National
Laboratory sees a factor of 3 improvement in muon vertex resolutions for large, low-coverage detectors
with 50 picosecond resolution, rather than a more typical 2 nanoseconds (Fig 7).

A causal Hough Transform [50] could even be used to image tracks and EM showers from the
positions and times of detected photons, producing reconstructed event displays resembling those of
Liquid Argonne detectors (Fig 8) [51]. In fact, one can think of WC detectors with fine time and
spatial granularity as “Optical Time Projection Chambers (TPCs)” with the transit time of photons
(instead of electron-hole pairs) used to reconstruct events [52].

Continued work on these techniques and, above all, validation in real data will be critical to the
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 Simple Vertex Reconstruction 

~1 radiation length
~37 cm

vertices are separated:
at 7 degrees: ~4.5 cm
at 15 degrees: ~9.7 cm

~1 radiation length
~37 cm

• Transverse component of the vertex (wrt to 
track direction) is most sensitive to pure timing 
since T0 is unknown.

• Separating between multiple vertices depends 
on differential timing (T0 is irrelevant)

• We study the relationship between vertex 
sensitivity and time resolution using GeV 
muons in water. This study is performed using 
the former LBNE WC design, with 13% 
coverage and varying time resolution.

• Transverse vertex reconstruction is better than 
5 cm for photosensor time resolutions below 
500 picoseconds.  

Work by I. Anghel, M. Sanchez, M Wetstein, T. Xin

Optical TPCs are scalable 
to 100s of kilotons
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 Isochron 

For a single PMT, there is a rotational 
degeneracy (many solutions).

M. Wetstein
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 Isochron 
first 2 radiation lengths of a 1.5 GeV π0 → γ γ

mm

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

true

mm

M. Wetstein
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 Isochron 
first 2 radiation lengths of a 1.5 GeV π0 → γ γ

reconstructed

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

reconstructed

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

mm
mm

M. Wetstein

Could be useful for full 
pattern-fitting approached 
by providing a seed topology 
and restricting the phase 
space of the fit.
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Compariting with truth

ANT 2011

26

 Comparing Isochron  
 Reconstruction with Truth

Project X Physics Meeting,  June 18, 2012
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Timing and Spatial Resolution - Imaging Capabilities

Isochron 3D
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 Optical TPC with scintillator 
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(a) Default simulation.
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(b) Increased TTS (1.28 ns).
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(c) Red-sensitive photocathode.

Figure 3. Photoelectron (PE) arrival times after application of the transit-time spread (TTS) for the sim-
ulation of 1000 electrons (5 MeV) with different values of the TTS and wavelength response. PEs from
Cherenkov light (black, solid line) and scintillation light (red, dotted line) are compared. The dash-dotted
vertical line illustrates a time cut at 34.0 ns. (a) Default simulation: bialkali photocathode and TTS = 0.1 ns
(s ). After the 34.0 ns time cut, 171 PEs from scintillation and 108 PEs from Cherenkov light are detected.
(b) Default simulation settings except for TTS = 1.28 ns (KamLAND 17-inch PMTs). After the 34.0 ns time
cut, 349 PEs from scintillation and 88 PEs from Cherenkov light are detected. (c) Default simulation settings
except for a GaAsP photocathode. After the 34.0 ns time cut, 226 PEs from scintillation and 229 EPS from
Cherenkov light are detected.

The inner sphere surface is used as the photodetector. It is treated as fully absorbing (no
reflections), with a photodetector coverage of 100%. As in the case of optical scattering, reflections
at the sphere are a small effect that would create a small tail at longer times. Two important
photodetector properties have been varied: 1) the transit-time spread (TTS, default s = 0.1 ns) and
2) the wavelength-dependent quantum efficiency (QE) for photoelectron production. The default is
the QE of a bialkali photocathode (Hamamatsu R7081 PMT)[50]. The QE values as a function of
wavelength come from the Double Chooz[4] Monte Carlo simulation. We note that the KamLAND
17-inch PMTs use the same photocathode type with similar quantum efficiency. We are neglecting
any threshold effects in the photodetector readout electronics.

Four effects primarily contribute to the timing of the scintillator detector system: the travel
time of the particle, the time constants of the scintillation process, chromatic dispersion, and the
timing of the photodetector. First, the simulated travel time of a 5 MeV electron is 0.108±0.015 ns.
This corresponds to an average path length of 3.1 cm and a final distance from the origin of 2.6 cm.
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Figure 5. (Left) The reconstructed direction, (px/|~p|, py/|~p|, pz/|~p|), for the simulation of 1000 electrons.
In the simulation the electrons are produced along the x-axis, ~p/|~p| = (1,0,0), and originate at the center of the
6.5m-radius detector,~r = (0,0,0). Only photons with arrival time of t < 34.0 ns are used in the reconstruction.
The quantum efficiency of the bialkali photocathode is taken into account. (Right) The reconstructed vertex
position, (x,y,z), for the same simulation. From Top to Bottom, 5 MeV, 2.1 MeV and 1.4 MeV are shown.

7. Reconstruction

The timing studies show that in the early time window, t  34.0 ns, the ratio RC/S is high, im-
proving the photoelectron hit selection. In this section, we apply reconstruction tools for a water
Cherenkov detector, WCSimAnalysis, to the problem of reconstructing the position and direction
of 5 MeV electrons from this early light. WCSimAnalysis is a water Cherenkov reconstruction

– 10 –

Optical TPC concept is more general than pure Cherenkov. 
It may be possible to use timing to separate 
between Cherenkov and scintillation light in liquid 
scintillator volumes, capitalizing of the advantages 
of each separately.

One can use the scintillation light for low E 
sensitivity. And the Cherenkov light for 
directionality.

C. Aberle, A. Elagin, H.J. Frisch,
M. Wetstein, L. Winslow.  Measuring 

Directionality in Double-Beta
Decay and Neutrino Interactions with 
Kiloton-Scale Scintillation Detectors; 
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